Introduction
The recent rapid progress of the information technology (IT) depends on development of optical functional materials such as wave guides and optical fibers. Generally inorganic materials such as lithium niobate (LiNbO3) have been used as optical functional materials. In facts, various devices based on LiNbO3, optical parametric oscillation (OPO), second harmonic generation (SHG), intensity modulation vessel, phase modulator and spatial light modulator (SLM) have been investigated. However, the difficult crystal growth, sample preparation, and material reproducibility required for inorganics have limited the widespread use of these materials.
Organic optical materials have a potential to alleviate some of these problems. They are easily designed and prepared. Since the first observation of the nonlinearity in 2-methyl-4-nitroaniline (MNA) was described in 1981, many organic nonlinear optical materials have been developed. [1] Furthermore, the nonlinear optical response of organic materials is based on the response of the intramolecule t electron, thus, the high-speed response that surpasses that of inorganic devices is possible. Some drawbacks in using these materials, [2] [3] [4] however, include their poor processability due to their crystallinity. On the other hand, organic polymers are easily processable into thin films with high optical quality, and are compatible with integrated circuit processing techniques. But, electric field orientation of chromophores in polymers is difficult because of entanglement of polymer chains.
We have been interested in amorphous molecules as photofunctional materials, because of definite molecular weights and amorphous properties.
In a preceding paper, [5] we reported calix [4] resorcinarene having (4-(4-nitrophenylazo)phenoxyjhexyl groups (ABs) had second harmonic generation (SHG) activity without electro-field poling and very fast frequency response of electro-optic (EO). However, the SHG and EO coefficient values (d33 and r33) of CRAB were small. To improve these properties, a chromophore, [4-(4-nitrophenylazo)-N-ethylphenylamino]ethyl group (lc) that has a large supermolecule polarizability was used in place of AB group. This paper describes the synthesis of photofunctional calix [4] resorcinarene having new azobenzene chromophores and its optical characteristics such as SHG, EO and surface relief grating (SRG).
Experimental

Materials
Calix [4] resorcinarene was prepared by the reaction of resorcinol with acetaldehyde, according to the procedure reported by Hogberg et al. [6] 2-Butanone was purified by distillation over phosphorus (V) oxide. Tetrahydrofuran (TIff) was purified by distillation over sodium chips and benzophenone ketyl. Disperse Red-1 (DR-1) was recrystallized from methanol. Other reagents and solvents were obtained commercially and used as received.
Synthesis of Disperse
Red-1 derivatives (la: n=4, lb: n=5, lc: n=6, id: n=10).
0.48 g (20 mmol) of 60 % sodium hydride was added to 3.14 g (10 mmol) of DR-1 dissolved in 100 mL of THF. To this mixture, 24.3 g (0.1 m01) of dibromoalkane (lc, n=6, 1,6-dibromohexane) was added, and the reaction mixture was refluxed for 48 h. The reaction mixture was cooled to ambient temperature and filtered. The precipitate was dissolved in acetone and the resulting solution was filtered. The filtrate was concentrated under reduced pressure. The crude product was purified by recrystallization from ethanol. (n=6) and 0.322 g (1.00 mmol) of tetra-n-butylammonium bromide were added, and the reaction mixture was refluxed for 72 h. The reaction mixture was cooled to room temperature and poured into water (800 ml). The resulting orange precipitate was collected by filtration, and washed with water and in vacuum. 
Sample film preparation.
Film preparation of calix [4] resorcinarene bearing azobenzene moieties (CADR) for NLO measurement was carried out as follows.
A sandwich type cell made of a glass with the ITO electrode was used. The cleaning of the glass substrate was carried out as follows.
(1) Glass substrates in alkaline Exitran (Merck Co.) solution diluted by distilled water (20 wt%) were cleaned by the ultrasonic cleaning for 30 minutes.
(2) The alkaline Exitran solution was decanted, and the ultrasonic cleaning of glass substrates in distilled water was repeated several times. And the glass substrates were dried.
(3) Films were prepared on the glass substrates by spin casting of polymer solution in dichloromethane or chloroform, that was filtrated by mesh filter with 0.2 .tm pore.
Film preparation of calix [4] resorcinarene bearing azobenzene moieties (CADR) for SRG measurement was carried out as follows.
The open cell made of anon-fluorescence glass (Matsunami Co.) was used. The cleaning of glasses and the preparation of films were carried out as described above. A thickness of films was measured by using a mechanical stylus profiler (Alpha Step 300).
Second harmonic generation (SHG) measurement.
Nonlinear optical measurements were performed using a standard Maker-fringe technique. [7] The second harmonic signal generated by the fundamental wave (X = 1064 nm, pulse duration = 8 ns, repetition frequency = 10 Hz, pulse power = 10 mJ/pulse) was detected on MI1vILASE III actively Q-switched Nd YAG laser (New Wave Research Inc.). After amplification it was averaged in a boxcar integrator. A quartz crystal was used as the reference sample.
Electro-optic (E-O)measurement.
E-O coefficients (r33) were determined by a simple reflection technique [8] using He-Ne laser (X = 632.8 nm, laser power = 0.2 mV). Sample dimensions were 5 X 5 mm2. The angle of incidence of the laser beam was fixed to 45°. The refractive index of CAAB was estimated as 1.6. The detail of optical arrangement was shown in the previous work. [5] 2.7. Surface relief grating (SRG) measurement.
The optically induced SRG was recorded on the film by exposing an interference pattern, produced by the two coherent beam from an Argon ion laser Q'. = 488 nm, laser power = 40 mW/cm2). The detail of optical arrangement was shown in Figure 1 .
Polarization of the Argon ion laser beam is kept at 45° using a half wave plate for all our recordings. The diffraction efficiency of the first order diffracted beam from the surface gratings in transmission mode was probed with an unpolarized low power He-Ne laser beam (X = 632.8 nm, laser power = 0.2 mW).
Atomic force microscope (AFM) analysis.
AFM images were detected on Nanoscope III (Digital Instruments Co.) in the tapping mode for examining the diffraction efficiency. The infrared (IR) spectra were recorded on a HORIBA FT-210 spectrometer, and the UV-visible spectra were obtained on a JASCO V-560 spectrophotometer. The nuclear magnetic resonance (NMR) spectra were measured in CDC13 on a Bruker DPX 300 spectrometer. Thermogravimetry (TG) was performed on a Seiko EXSTAR 6000 (TG/DTA 6300) thermal analyzer at a heating rate of 10 °C/min. Differential scanning calorimetry (DSC) was performed on a Seiko EXSTAR 6200 DSC thermal analyzer at a heating rate of 5 °C/min. MALDI TOF MS spectrum was recorded on a KRATOS KOMPACT MALDI III mass spectrometer (SHIMADZU Co.). [4] resorcinarene, which was very useful for the dipole orientation on the corona poling. Etherification of calix [4] resorcinarene with 1 was carried out in acetone in the presence of potassium carbonate and tetra-n-butylammonium bromide in THF, giving compound 2.
The structure of 2 was confirmed by 1H-NMR and MALDI TOF MS spectroscopies. Figure 2 shows the 'H-NMR spectrum of 2e with the assignments of all signals. The MALDI TOF-MS spectrum exhibits one signal at 3824.4, which is consistent with the theoretical molecular weight of the product 2e: n=6 ([M+Ag] += 3824.4). (Figure  3. ).
Film preparation.
To compare the NLO properties of 2 (a: n=4, b: n=5, c: n=6, d: n=10), four sample films were prepared on ITO glass substrates by spin-coating. Compound 2a (n=4), however, crystallized rapidly during the film preparation. Approximately 1 µm thick films were prepared from compound 2b, 2e, and 2d for SHG and E-0 measurements.
For SRG measurement, 3 µm thick films were prepared on non-fluorescence glass substrates. The film thickness was measured with a mechanical stylus profiler.
Second harmonic coefficient.
In the previous paper, [5] we reported that calix [4] resorcinarene bearing azobenzene moieties (CRAB) showed the second harmonic generation (SHG) at room temperature without corona poling process, because of self-organization at interfaces between air and CAAB film, and CRAB film and glass substrate. A similar phenomenon was also observed for films of CADR (2b, 2c, and 2d), and their second harmonic coefficients (d33) at the wavelength of 1064 nm were determined as 57.45, 60.63, and 20.84 x 10"9 [esu], respectively. (Table  1. ). These values were not so high because of the reason described in advance. Thus, a vertical orientation agent 7511L (Nissan Chem Ltd.) used for active matrix liquid crystals was coated on glass substrates in order to promote the orientation of molecules in the films. The signal of second harmonic strength increased as expected and the d33 value became 97.06 x 10"9 [esul (2c). To improve the activity of SHG, corona poling was carried out at 140 °C for 30 min. The d33 value reached to 143.7 x 10"9 tesul (2c).
3.4. Electro-optic properties.
The electro-optic effect due to the electronic polarization is one of the 2nd-NLO properties. We investigated the electro-optic effect of film using simple reflection technique. Figure 4 shows a plot of modulation efficiency as a function of applied voltage for electro-optic experiment. The observed modulation efficiency was proportional to the applied voltage, which means a linear electro-optic effect (Pockels effect).
According to the previous work [5] , the electrooptic coefficient (r33) of CADR (2c: n=6) is estimated as 18.43 [pm/V]. This value without corona poling was large compared to that of CAAB (4.3 pm/V). Furthermore, frequency response of CADR (n=6) was maintained until 3 MHz ( Figure  5 .).
Generally, spacial light modulators (SLMs) driven by the molecular reorientation of liquid crystalline materials have been used to many optical applications. However, their response time is limited to a few µ sec at the maximum. [9] In comparison with liquid crystallines, the response time of CADR (330 nsec) was very fast. This result indicates that CADR was a good candidate for SLMs materials.
Surface relief grating properties.
In recent year, unique photofabrification of surface relief grating (SRG) on azobenzene functionalized polymer films has been reported and has attracted great attention. [10,1 1] This phenomenon consists of the photoinduced reorientation through the trans-cis-traps photoisomerization cycles of azobenzene under irradiation with polarized light. The SRG is quite different from other conventional microscopic processing techniques such as laser ablation and chemical etching. Because the SRG is not formed by any physical removal of the molecules from the film surface but as a result of large-scale photodriven mass transport process in thin solid film at a temperature much below the Tg of polymer. A holographic phase grating can be formed on azobenzene containing films by irradiating an interference pattern of coherent light, though this phase grating is easily eliminated by thermal relaxation. Image information can be processed by spatially manipulating the phase of the light (that is, by controlling the spatial distribution of the refractive index of the medium). For example, a hologram stores and reproduces (displays) threedimensional image information through the processes of writing to a SRG polymer film which is then developed. Such manipulation of the light wavefront is indispensable for the next generation of optical information processing and communication technologies.
Prior to the SRG experiment, amorphous thin films with good optical quality were prepared on glass substrates by spin coating. The thickness of the films was measured by using a mechanical stylus profiler.
The SRG was recoiled by exposing the CADR thin film to an interference pattern. It was produced by the two coherent beams at 488 nm from an argon ion laser. The detail of the optical measurement was described in Figure 1 .
Time dependent measurements of the diffraction efficiency were carried out. As mentioned earlier, the experimental system allows measurements to be made at different laser intensities.
During the first 5 sec of measurements, only the He-Ne laser is on; this is to observe the presence of any residual diffraction grating in the film. The argon ion laser is switched on after 5 sec and switched off after 500 sec, and the diffraction efficiency is followed on for a period of 600 sec more in order to observe no decay of the diffraction efficiency. Figure 6 shows the first-order diffraction efficiency of the calix [4] resorcinarene with azobenzene spacers as a function of time for an incident intensity of the argon ion laser of 40 mW/cm2.
Generally, the polymer containing azobenzene molecules was reorganized after the argon ion laser is switched off. Because, azobenzene orientation was influenced by the polymer structure. Therefore, the part of azobenzene has reorientated. [12] It was arisen on the decay of the diffraction efficiency after the laser. However, the CADR has not showed the decay since amorphous molecules that might be due to a structural effect.; i.e., the amorphous molecule has not any entanglement.
The surface structure was measured by atomic force microscope (AFM) in the tapping mode under ambient condition. Figure 7 . shows the photodriven mass transport process on the CADR film. Figure 6 . First order diffraction intensity in CADR (2c, n=6) as a function of time at 25 °C. The argon ion laser is switched on after 5 sec and switched off after 500 sec; the intensity of the laser beam is 40 mW/cm2. The diffraction intensity is measured for 600 sec. The holographic phase grating formed on the CADR by exposing an interference pattern of argon ion laser. The hologram store was obtained by the SRG using contact mask in Figure 8 .
4.Conclusion
Calix [4] resorcinarene bearing azobenzene moieties (CADR) was prepared by the etherification of calix (4] resorcinarene with Disperse Red-1 derivatives. Characterization of the product by 1H-NMR and MALDI-TOF MS spectroscopies supported the formation of CADR. CADR forms clear amorphous films in spite of its low molecular weight.
Furthermore, this film has the second harmonic generation (SHG) activity without corona poling treatment and shows very fast frequency response of electro-optic (E-O). Then, the surface relief grating (SRG) properties indicate that CADR is a good candidate for the application of hologram stores.
